Behavioral experiments 153
A bee with the metal rod was fixed in the experimental box after complete recovery from 154 anesthesia. First, we let the bee hold a small piece of paper so that it could not start flying. The 155 e-vector angle of the polarizer was set at 0º with respect to the bee's body axis, and static 156 black-and-white stripes were displayed on the PC monitor. After the bee had been familiarized 157 with the box, the paper was removed to allow the bee to start flying, and the wind and optic flow 158 stimuli were simultaneously presented. After the bee's flight became stable, the polarizer started 159 rotating slowly (0.9, 1.8, or 3.6 ° s -1 ), and the behavior of the bee was monitored for 600 s. When 160 a bee stopped flying before 600 s, the data were not used in the analysis. In some cases, the bee 161 was tested 3 times under different stimulus conditions-clockwise (CW), static, and 162 counterclockwise (CCW). The order of these three stimuli was randomly changed for each 163 experiment. In other cases, a bee was tested only with the CW stimulus. 164
The flying behavior of the tethered bee was monitored using a USB camera 165 (IUC-300CK2; Trinity Inc., Gunma, Japan) placed behind the bee (see Fig. 1 ). Images of the bee 166 were recorded at a rate of 1 Hz, i.e., 600 images for 10 min data. For each image, the 167
x-coordinate of the bee's abdominal tip was determined manually to estimate flying orientation 168 (see Fig. S1 ). A series of x-coordinates was then calibrated into actual distances (in mm) from the 169 center, where the tethering wire was fixed and used for further analysis (see below). 170
Whether the DRA of the compound eye was involved in flying behavior under the 171 polarized light stimulus was determined using bees whose DRAs were painted ( Fig. 7C, D) . The 172
DRAs were painted as in our previous work (Sakura et al., 2012) with black acrylic emulsion 173 paint (Herbol; Cologne, Germany) under a dissecting microscope just before the tethering 174 procedure described above. The DRA of a compound eye is visually identifiable because the 175 cornea appears slightly grey and cloudy (Meyer and Labhart, 1981). Because it was technically 176 not possible to cover the DRA alone, which consists of only 4-5 horizontal rows of ommatidia dorsal region next to the DRA was also painted. After the experiments, the paint cover was 179 checked in all the experimental animals under a dissecting microscope. Data for cases in which 180 any of the paint was missing were excluded from further analysis. The three ocelli, which are not 181 involved in polarization vision (Rossel and Wehner, 1984) , were not painted in the experiments. 182
Analysis and statistics 183
All data analyses were performed using self-made programs in MATLAB (MathWorks Inc., MA, 184 USA). Periodicity of the time course of the abdominal tip location was analyzed using the fast 185
Fourier transform (FFT). For FFT, data for only the last 400 s of each trajectory (600 s in total) 186 were used because the periodicity of a bee's flight was occasionally unstable at the beginning of 187 the stimulus (e.g., see Fig. 2Ac ). The relative power spectrum was calculated, and peak 188 frequencies were determined. We defined a bee to be aligned with a certain e-vector orientation 189 or showing "polarotaxis", when the power spectrum of the bee showed a peak at the stimulus 190 frequency, i.e., 0.5, 0.01, and 0.02 Hz for 0.9, 1.8, and 3.6 ° s -1 stimuli, respectively. Distributions (Batschelet, 1981) . For the 199 bees showing polarotaxis to both CW and CCW stimuli, differences in the PEOs between these 200 two stimuli were also calculated for each bee by subtracting the value of the CW stimulus from 201 that of CCW stimulus, and the distribution of the differences was analyzed using the V-test with 202 0 ° as an expected mean angle (Batschelet, 1981) . All circular statistics were performed using 203
Oriana software (ver. 3.12; Kovach Computing Services, UK). 204
205

RESULTS 206
Polarotactic behavior of tethered bees 207
Under our experimental condition, approximately two-thirds of the experimental tethered bees 208 could stably fly for over 10 min. A representative horizontal trajectory of a bee's abdominal tip was detected at 0.0025 Hz instead of at 0.01 Hz, which is coincident with the entire data length 217 ( Fig. 2Bb ). In total, over half of the experimental bees showed a clear peak at 0.01 Hz in the PS 218 under the rotating e-vector stimulus (12 and 14 of 21 bees for CW and CCW, respectively); 219 however, under the static 0 ° e-vector stimulus, only 2 of the 21 bees showed a 0.01 Hz peak in 220 the PS, which was significantly smaller than the number of bees showing a peak at 0.01 Hz under 221 the rotating stimulus (data not shown; CW: p = 0.008, CCW: p = 0.001, Cockran's Q-test with 222 post-hoc McNemar test). In addition, a significantly higher number of bees (7 and 6 of 21 bees 223 for CW and CCW, respectively) displayed the highest peaks at 0.01 Hz in the PS compared with 224 that (none of the 21 bees) under the static 0 ° e-vector stimulus ( Fig. 3 ; CW: p = 0.008, CCW: p = 225 0.014, Cockran's Q-test with post-hoc McNemar test). In the averaged PS, a clear peak was noted 226 at 0.01 Hz under the CW or CCW stimulus, although another strong peak was detected at 0.0025 227 Hz (Fig. 3A , C), and the peak was only detected at 0.0025 Hz under the static stimulus ( Fig. 3B ). 228
To determine whether the periodic movements were not elicited by the rotation of the 229 e-vector, but rather by a slight fluctuation in light intensity caused by the polarizer rotation, we 230 projected an unpolarized light stimulus through the depolarizer beneath the rotating polarizer (see 231 Materials and Methods). Under the unpolarized light stimulus, the bees did not show any clear 232 movements coincident with the polarizer rotation ( Fig. 4A ). Furthermore, no detectable peak at 233 0.01 Hz was noted in the averaged PS, and none of the five experimental bees demonstrated the 234 highest peak at 0.01 Hz (Fig. 4B ). Only one bee showed a small PS peak at 0.01 Hz, which was 235 not significantly different from that under the static e-vector stimulus (p = 0.4885, Fisher's exact 236 test). These results indicate that the abdominal periodic movements were elicited by the rotation 237 of the polarized e-vector orientation. 238
We also determined the relationship between a tethered bee's abdominal location and its 239 flying behavior (see Fig. S1 ). Simultaneous recordings of the abdominal images and the yaw 240 torque of a flying tethered bee showed a strong negative correlation, i.e., the bee's abdominal tip the flying direction to a certain e-vector orientation. the speed (3.6 ° s -1 ) or 2-times slower the speed (0.9 ° s -1 ) to confirm that the periodicity in the 247 abdominal movement (Fig. 2, 3) was not elicited by internal rhythm but by external polarized 248 light stimuli. Under the faster stimulus, some bees still showed right-and-left abdominal 249 movements synchronized to the stimulus rotation ( Fig. 5A ). However, in contrast to the 1.8 ° s -1 250 stimulus, the PS of the abdominal trajectory showed only a small peak at a stimulus frequency of 251 0.02 Hz (Fig. 5B ). Moreover, in the averaged PS of all 14 experimental bees, a small, but 252 detectable, peak at 0.02 Hz and the highest peak at 0.0025 Hz were noted (Fig. 5C ). The number 253 of bees showing the peak at 0.02 Hz in the PS was significantly different from experiencing the 254 static or 1.8 ° s -1 stimulus (7 of 14 bees for 3.6 ° s -1 and none of the 21 bees for static and 1.8° s -1 255 stimulus; p = 0.0005, Fisher's exact test), although only one of the 14 experimental bees showed 256 the highest peak at 0.02 Hz (Fig. 5C ). These results indicated that the bees exhibited weak 257 polarotactic behavior to the fast rotating e-vector stimulus. 258
Under the slower rotating stimulus, the tethered bees showed clear right-and-left 259 abdominal movements, the PS of which had the highest peak at the stimulus frequency of 0.005 260 Hz (Fig. 6A, B ). Four of the 10 experimental bees exhibited the highest peak at 0.005 Hz in each 261 PS of the abdominal trajectory ( Fig. 6C ), whereas only one of the 21 bees did so under the 1.8 ° 262 s -1 stimulus, which was significantly lower (p = 0.0274, Fisher's exact test). This result indicated 263 that the bees also responded to a slow stimulus. However, we could not detect a 0.005 Hz peak in 264 the averaged PS, although the power at 0.005 Hz was relatively high compared with that under 265 other stimulus conditions ( Fig. 6C ); this could have occurred because the peak could not be 266 clearly separated from the peak at 0.0025 Hz owing to data interference from unresponsive bees 267 (see Figs 3B, 4C) . Probably for similar reasons, the number of bees demonstrated the highest 268 peak at 0.005 Hz was not significantly different from that of the static e-vector stimulus (4 of the 269 21 bees; p = 0.3809, Fisher's exact test). 270
Selective stimulation of eye regions 271
Polarization vision in insects is known to be mediated by the DRA of the compound eye. To 272 confirm the sensory input area for polarotaxis in the eye, we covered a part of each compound 273 eye and restricted the area receiving light stimulation to the DRA (Fig. 7D, E) . The bees whose rotating polarized light stimulus to which intact bees responded (Fig. 7A) , and no clear peak was 276 noted at the stimulus frequency of 0.01 Hz in the power spectrum (Fig. 7B ). The averaged power 277 spectrum of all eight experimental bees did not exhibit a peak at 0.01 Hz (Fig. 7C ), indicating 278 that the bees with covered DRA lost the ability to orient to certain e-vectors. Similar to the 279 response of intact bees to a static stimulus, none of the eight bees displayed the highest peak at 280 0.01 Hz (Fig. 7C, see also Fig. 3B ), and their response was not significantly different (p = 1, 281
Fisher's exact test). Conversely, the number of bees showing the highest peak at 0.01 Hz was also 282 not significantly different than that of the intact bees under the CW stimulus (see Figs 3A, 7C; p 283 = 0.1421, Fisher's exact test), probably owing to the small number of experimental bees used. 284
Preferred e-vector orientation 285
We assessed the PEOs of the 21 bees that showed polarotaxis under the 1.8 ° s -1 CW stimulus. 286
The PEO of each bee varied from 0 to 180 ° (Fig. 8A ) However, more than half of the bees (14 of 287 21) showed PEOs between 120 to 180 ° and the distribution was not significantly random (p = 288 0.009, Rayleigh test). To confirm whether each bee had a specific PEO, we compared the PEO to 289 the CW and CCW stimuli in the same bee. The angular differences in PEOs between CW and 290 CCW stimuli of 7 bees, which showed clear polarotaxis under both conditions, are shown in Fig.  291 8B. The distribution of the angular differences was not significantly random (p = 0.01, Rayleigh 292 test), but was concentrated around 0 ° (p = 0.026, V-test), suggesting that each bee had a certain 293 PEO and adjusted the flight direction by aligning to a particular e-vector angle. 294 295 DISCUSSION 296
Behavioral response to the polarized light stimulus in the honeybee 297
It is well known that honeybees use skylight polarization to detect their intended travel direction. 298 It was first described by von Frisch (1967) through a series of sophisticated behavioral studies on 299 the waggle dance. Thereafter, the waggle dance orientations of the nest-returning bees from a 300 certain feeder have been intensively studied. These studies were conducted under a patch of 301 polarized light stimulus or part of the sky and an internal representation of the celestial e-vector 302 map has been proposed (Rossel and Wehner, 1982 , 1986 , 1987 Wehner, 1997 torque generated by the bee (see Fig. S1 ). Using these methods, the entire visual field of the 354 animal remained open; therefore, it had an advantage for investigating the animal's responses 355 under various stimulus conditions. 356
Preferred e-vector orientation 357
The PEO distribution has been reported in several species. In crickets and flies, a weak 358 preference to an e-vector orientation perpendicular to their body axis was demonstrated, although 359 the reason of this behavior was not clear (Brunner and Labhart, 1987; von Philipsborn and 360 Labhart, 1990 ). On the other hand, in laboratory-reared locusts, the PEOs were randomly 361 distributed and they did not show any directional preferences (Mappes and Homberg, 2004) . In 362 the present study, the bees showed a significantly higher preference between 120 and 180 ° (Fig.  363   8A) . In each bee, the PEOs under CW and CCW stimulus were quite similar (Fig. 8B) , and this 364 suggested that each bee has its own PEO and used it not only as a reference for maintaining 365 straight flight but also to deduce its heading orientation. 366
Considering that central place foragers, such as honeybees, have to change their 367 navigational directions depending on the currently available food locations, their PEOs would 368 reflect their previous foraging experiences. In the present study, we collected the bees with a 369 pollen load at the hive entrance; therefore, all experimental forager bees were returners. 370
Consequently, we could no longer assess their feeding locations when we measured their flight 371 responses in the laboratory. Moreover, their path-integration vector should be reset to a zero-state polarized light cues for navigation. To further clarify the role of polarization vision in flying 374 foragers, testing the PEOs in the bees in different navigational states will be crucial. 
